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The ferromagnetic resonance (FMR) technique has been used for many years as a tool to characterize
the dynamic magnetic properties of bulk, thin ﬁlm magnetic materials and microwires. Also, the FMR
linewidth is associated to the dissipative processes involved on the magnetization dynamics. Such
dissipative channels may be separated in two groups: intrinsic and extrinsic ones. While the ﬁrst one is
related mainly to the Landau–Lifshitz (LL) and eddy-currents damping mechanisms, the second one
take in to account contributions coming from the inhomogeneities in the sample. Each one of these
relaxation processes contributes to the FMR linewidth in a different frequency and/or magnetic ﬁeld
range and they can be separated by an appropriate FMR linewidth measurement. This work presents
FMR measurements, obtained by the impedance method, ranging from 100 KHz to 1.8 GHz, in Joule
annealed Co-based amorphous microwires. It is shown that the crystallization process can be followed
by the evaluation of the extrinsic magnetization damping terms, speciﬁcally analyzing contributions
from inhomogeneities to the FMR linewidth. From the ﬁtting of models which consider LL damping
term, anisotropy dispersion and magnon scattering to the experimental data, three ranges of annealing
temperatures can be distinguished in terms of spin dynamics on the studied samples: annealing
temperatures lower than the Curie temperature, a temperature range between the Curie and the
crystallization temperature and another temperature range above the crystallization temperature.
& 2013 Elsevier B.V. All rights reserved.1. Introduction
Magnetoimpedance has been proved to be an excellent tool to
study the magnetization dynamics while the ferromagnetic reso-
nance (FMR) linewidth provides a convenient way for measuring
damping parameters associated to the magnetization precession
in magnetic materials [1–5]. The ferromagnetic resonance line-
width depends on the intrinsic magnetic damping and additional
magnetic inhomogeneities, but the complete understanding of
the origin of these damping parameters is still unaccomplished.
Besides the fundamental physics interest, the study of the damp-
ing term and the magnetization dynamics are very important to
the development of any device which has its physical effect
associated to the reversal of the magnetization [6,7]. In addition,
the FMR linewidth (DfR) is a very sensitive way to study the
structural quality of magnetic samples, in both bulk [2] and thin
ﬁlms [1] geometries.
The magnetic properties of the amorphous materials are
correlated with their microstructure, composition and internal
stresses originated from the fabrication processes. By annealing
the microwires all of the above aspects can be modiﬁed, beingll rights reserved.
fax: þ55 55 3220 8032.
a@smail.ufsm.br (M. Carara).this the main advantage of this kind of materials, meaning that
the magnetic properties can be tailored to a particular application
by a proper annealing [8,9].
This work shows measurements of magnetoimpedance based
FMR linewidth in CoFeSiB glass-covered microwires, under
different annealing temperatures in order to investigate the
inﬂuence coming from different sources of inhomogeneities,
namely: anisotropy dispersion and magnon scattering. In addition
to the previous work [3], it is possible to observe the crystal-
lization processes by means of the FMR linewidth.2. Experimental
The as-cast microwires were produced by the Taylor–Ulitovski
technique with nominal composition Co68.15Fe4.35Si12.5B15, having
diameters of fm25 mm (amorphous metallic nucleus) and
ft44 mm (total). These samples present a low and negative
magnetostriction and the magnetic characterization have already
been described, for example, in [10,11]. The studied microwires
were Joule-annealed at different DC currents from 16.5 mA to
72 mA during 60 min, corresponding to the estimated tempera-
tures from 150 1C to 750 1C [12], respectively. The samples were
all cut in pieces of 16 mm in length.
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Fig. 1. Field evolution of the resonance frequency (&) and frequency linewidth
(O) of the as cast sample. Field dependency of each contribution to the FMR
frequency linewidth: dashed line—Gilbert damping; dotted line—anisotropy
dispersion; dash-dotted line—magnon scattering; solid line—geometrical sum of
the three damping components.
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formed as function of frequency (100 kHzr fr1.8 GHz) and
magnetic ﬁeld (300rHr300 Oe) parallel to the wire’s axis,
using an HP4396B impedance analyzer with a HP4396A1 impe-
dance test kit and a proper calibration of the system, with the
open, short and load standards. For all the measurements, a
0 dBm (1 mW) constant power was applied to the sample.
At each set ﬁeld value, a frequency sweep was performed and the
real (R) and imaginary (X) part of the impedance were simulta-
neously acquired. From this impedance spectrum, the circumfer-
ential permeability curves were extracted according to the
procedure described in Ref. [13]. Finally, from the permeability
curves, the ferromagnetic resonance frequency (fR), the resonance
linewidth (DfR) and the amplitude of the rotational contribution to
the circumferential permeability (mrot) were obtained.
Magnetization curves of the studied samples were performed
at room temperature in a vibrating sample magnetometer with
the applied ﬁeld along the samples’ axis and ranging from 20 Oe
to 20 Oe. It is worth to note that in the VSM and impedance
analyzer measurements the very same samples were used.3. Results and discussion
In a previous work [3] the different contributions to DfR were
described, being brieﬂy discussed here.
The inhomogeneities coming from the exciting rf ﬁeld [1] can
be neglected here as the rf ﬁeld is that related to the impedance
measurement current. Associated to the cylindrical shape of the
samples this ﬁeld is circumferential and homogeneous over the
whole surface of the sample. Another disregarded damping term
is that associated to the eddy currents [5]. The procedure to
obtain the permeability from the impedance data consider that
the skin effect is the linking phenomena, so the eddy current term
is already accounted in the permeability data. The simplicity
which arises from the absence of these two effects can be
considered as an advantage to study the magnetization dynamics
via impedance measurements in wires.
Finally, the damping terms considered in this work are the
Gilbert like damping term, the local resonance contributions
coming from the anisotropy dispersion and the magnon
scattering.
The Gilbert term is due to the exchange interaction and the
spin–orbit coupling [2]. In the work of Suhl [15] on FMR, a
relation for the ﬁeld linewidth has been described and, in terms
of frequency (Df GR), it can be expressed as
Df GR ¼
ga
2p
2Hþ4pMSHK½ , ð1Þ
whereMS is the saturation magnetization and HK the circumferential
anisotropy ﬁeld which, in the studied samples, is orthogonal to the
applied one. From (1) it can be seen that the resonance linewidth
increases linearly with the applied ﬁeld. Fig. 1 shows a typical
example of the experimental data and the dashed line in the ﬁgure
represents the Gilbert contribution to the total damping.
Any dispersion in the sample’s anisotropy would give rise to
local resonances resulting in an additional broadness to the FMR
linewidth. As different portions of the sample resonate in slightly
different frequencies, these will result in a larger FMR line [16].
Assuming that the FMR dispersion relation of a material with an
uniaxial anisotropy orthogonally aligned to the applied ﬁeld can
be described by the Kittel’s relation [17], the enlargement in the
resonance line associated to dispersion in the anisotropy ampli-
tude (Df KR ) can be described as
Df KR ¼
DHK
f R
g
2p
 2
ðHHKþ2pMSÞ, for H4HK : ð2ÞFrom the expression (2) it can be seen that the main feature of
the anisotropy dispersion to the FMR linewidth is a maximum at
H¼HK, ﬁeld in which fR is minimum for the studied system with
circumferential anisotropy (represented by the dotted line in
Fig. 1). The DHK value quantiﬁes the anisotropy dispersion.
In a FMR experience, at the resonance frequency it is assumed
that all samples’ spins precesses in an uniform mode (wave vector
k¼0). However, the inhomogeneities in the sample can scatter a
magnon of frequency f and k¼0 in another one with the same
f but with ka0. This will result in an additional contribution to
the FMR linewidth [1]. The inhomogeneities can be, for example,
small variations on the local effective ﬁeld, additional phases,
pores, surface pits and so on [18]. In order to formulate a
complete analysis of magnon scattering on the FMR linewidth it
would be required to describe the magnon dispersion relation and
to know how each inhomogeneity contribute to the scattering.
A detailed study on the subject, applied to thin ﬁlms, can be found
in [19], where the authors have considered dipolar interaction,
Zeemann, exchange and surface anisotropy energies. As scattering
elements, rectangular islands and pits were considered. Although
the magnon scattering contribution to the FMR linewidth can be
calculated for this particular thin ﬁlm case, Arias and Mills [19]
state that the signature of the magnon scattering is a term
proportional to sin1½
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
H=ðBþHK Þ
p
, which has its origin on the
nature of the spin-wave dispersion and it is not inﬂuenced by the
details of the scattering matrix. The following expression is
suggested to ﬁt the data:
Df MSR ¼ gPAðf Þ GSðHÞsin1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
HHK
Hþ4pMS2HK
 s
, ð3Þ
where the term PAðf Þ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þð9g9m0Ms=4pf Þ2
q
is a conversion factor
used to switch from ﬁeld linewidth to frequency linewidth [20],
for a ﬁlm with an in plane easy axis. GS is a parameter who
quantiﬁes the intensity of the magnon scattering. Dash-dotted
line in Fig. 1 accounts for the magnon contribution to the total
damping.
As each of the described damping terms presents a different
behavior with the applied magnetic ﬁeld, the analysis of the ﬁeld
dependency of the DfR allow to separate the contributions from
the above discussed sources of enlargement to the DfR and to
evaluate their evolution with the annealing temperature [21].
The ﬁtting procedure is made in steps; ﬁrst MS and HK are
obtained from the fR vs. H data, as already described in Ref. [22]
and, with these parameters held constant, the DfR data are ﬁtted
to the above discussed theory. The ﬁttings were made for H4HK
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Fig. 3. (a) MI ratio as function of the applied ﬁeld measured at 8 MHz for the
different annealing currents. (b) Annealing current evolution of the maximum of
the MI ratio.
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above discussed model ﬁts very well the experimental data.
Fig. 2 shows the magnetization curves of some of the studied
samples. All of them have the same length, 16 mm, but the
samples with Ianno35 mA present a strong effect of the demag-
netizing ﬁeld. The magnetic structure of these samples is that
called core–shell, meaning an axial magnetized core, surrounded
by a circumferential shell. Usually such materials present a
bistable behavior, but for these samples with reduced length
the demagnetizing ﬁeld inﬂuences both nucleation and propaga-
tion of the magnetization reversal, resulting in a change of
hysteresis loop shape [23]. In the samples annealed at the higher
currents (IannZ35 mA) the magnetization curves present an
increase in both, coercive ﬁeld and saturation ﬁelds which is a
manifestation of a hardening of the magnetic properties, probably
coming from the crystallization of the samples.
Fig. 3(a) shows the evolution with the current annealing of the
magnetoimpedance [DZ(H)/Z(Hmax)100%] measured at 8 MHz.
This frequency is high enough to prevent a major contribution of
the circumferential domain wall to the permeability and low
enough to the measuring current probe the entire cross section of
the samples. In this way the only contribution to the permeability
present in the MI measurement comes from the rotation of the
magnetization.
By analyzing the MI curves, it can be seen that a double-peak
structure is present just in the as cast sample. This behavior is
typical for a permeability of a magnetic system measured in the
presence of a dc bias ﬁeld along the hard axis, meaning that the
contribution of the circumferential shell is present in the MI curve
for this sample. For the annealed samples a single peak character
dominates the MI spectrum. For these samples the relaxation in
the frozen stress was high enough to reduce the thickness of the
circumferential shell and its contribution to the shape of the MI
curves. On the other hand, as can be seen in Fig. 3(b) the
transverse permeability increases with the annealing current
until Ianno45 mA, showing that the anisotropy is reduced in this
range of annealing. The further increase in Iann promotes the-1.0 -0.5 0.0 0.5 1.0
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Fig. 2. Magnetization curves obtained from the studied samples. (a) As cast
sample, annealed at 32.5 mA (b), 52 mA (c) and (d) 60 mA. The equivalent
temperatures of these currents are, respectively, 300 1C, 450 1C and 500 1C. The
samples are the same used in the impedance measurements.growing of crystallites in the samples which, by its time, increase
the anisotropy and as a consequence reduces the MI ratio.
The resonance linewidth of some of the samples is presented
in Fig. 4 superposed to the ﬁtting obtained with the model above
described. The trending of Dfres to increase with the applied ﬁeld0 15 30 45
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Fig. 4. Resonance frequency linewidth vs. applied ﬁeld, measured from the Joule
annealed microwire at the currents (equivalent temperatures) indicated in the
ﬁgure. Symbols represent the experimental data and solid line is the ﬁtting as
described in the text.
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contribution to the total relaxation. It can be clearly seen that
these contributions are less representative in the samples
annealed at 30 and 44 mA. From the data presented in Fig. 4,
without the ﬁtting, it is hard to infer how great the anisotropy
dispersion is. The scenario becomes clearer when the ﬁtting
parameters are plotted vs. the annealing current, as can be seen
in Figs. 5 and 6.
The saturation magnetization and the Gilbert contribution to
the spin relaxation present almost no changes with the annealing
current and the values obtained from the ﬁtting were
MS9.000 G and a0.014. Fig. 5 shows the evolution of the
anisotropy ﬁeld and the anisotropy dispersion with the annealing
current. It is worth to note that the resonance frequency disper-
sion was ﬁtted to a core–shell magnetic structure, with a negative
anisotropy ﬁeld in the shell and a positive one in the core. The
ﬁtting procedure of this kind of structure can be found better
discussed in Ref. [22]. The opposite sign of anisotropy ﬁeld of both
wire’s region explain the higher value of the anisotropy disper-
sion when compared to the anisotropy ﬁeld values. The aniso-
tropy ﬁeld values of both, inner core (HKI) and outer shell (HKO),
present a small reduction in its values until 26 mA. This reduction
in the anisotropy ﬁelds are higher in the range between 26
and 32 mA, from where they start to increase. The anisotropy0 20 40 60
0
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K
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Fig. 5. Anisotropy Fields of the inner core (HKI) and outer shell (HKO) portions of
the samples as function of the annealing current. Open circles represent the
anisotropy dispersion contribution to the FMR linewidth for the studied samples.
0 20 40 60
0
1
2
3
4
Γ 
(a
.u
.)
Annealing Current (mA)
Fig. 6. Two-magnon scattering contribution to the FMR linewidth, as a function
of the applied stress for all studied samples.dispersion also presents a trend of reduction in its values until
50 mA, from where it starts to increase.
The most signiﬁcant evolution with the annealing current,
together with the MI ratio, is that one presented by the magnon
scattering contribution to the FMR linewidth (GS) shown in Fig. 6.
The GS value is strongly reduced between 26 and 32 mA, then it
increases until 52 mA, followed by a range of annealing currents
(between 52 and 72 mA) with almost no GS variation.
As also discussed by other authors [8,9], the annealing of this
kind of amorphous samples is frequently used to tailor its
magnetic properties. As reported in [24] the Curie and crystal-
lization temperature of samples with the same composition of the
samples studied in this work are, respectively, 343 1C and 510 1C,
or in equivalent current 38 and 62 mA. Such annealing currents
are signed as vertical dashed lines in Figs. 3(b), 5 and 6.
In addition, it must be remembered that the Joule heating is an
annealing process with magnetic applied ﬁeld, the Oersted one.
At the metallic surface of the samples, with an annealing current
of 30 mA, the Oersted ﬁeld is around 5 Oe, comparable to the
anisotropy ones.
The magnon scattering reveals that the annealing with currents
between 16 and 30 mA reduces the inhomogeneities, coming from
the anisotropy dispersion (due to the Oersted ﬁeld annealing) and
reduction of the internal frozen stress. The ﬂuctuations of the local
ﬁelds coming from different regions of the sample lead to a coupling
between the driven mode and the available spin–wave modes at the
same frequency.
The further increase in the annealing current promotes the
crystallization of small grains in the sample embedded in
the amorphous ferromagnetic matrix [25,26]. The formation of
these crystallites acts as scattering centers for the magnons and,
as the annealing current increases, such crystallites increase the
number and average size. In Ref [27] the authors present
theoretical results on magnon scattering contribution to the
FMR linewidth, showing that magnon scattering is strongly
inﬂuenced by the size of the grain.4. Conclusions
We have investigated the magnetization dynamics during the
devitriﬁcation process of CoFeSiB glass-covered microwire. The
study was made by the analysis of the FMR linewidth measure-
ments assuming that the main mechanisms responsible for the
magnetic relaxation are the Gilbert like damping term, local
resonance contributions coming from the anisotropy dispersion
and two-magnon scattering. The ﬁtting of the theory associated to
the magnetization dynamics to the experimental data has shown
that the Gilbert damping term was almost constant and not
inﬂuenced by the annealing. The anisotropy dispersion evolution
with the annealing current, initially (Ianno26 mA) reduces its
value being companied by the reduction of the magnon scattering
contribution to the total damping. This fact is a reﬂex of an
increase in the homogeneity of the stress distribution. By anneal-
ing at higher currents (Iann432 mA) the crystallization process
takes place. Initially with small grains which grows in size and
number as the annealing current is increased. The grain bound-
aries act as scattering centers to the magnons promoting an
additional increase in the FMR linewidth and quantiﬁed by the
increase in the GS parameter.Acknowledgments
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